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© A technique is disclosed for utilizing direct-write 
electron-beam photolithography and holographic op- 
tical exposure to form gratings in optoelectronic 
structures. The direct-write e-beam process is used 
to form rectangular grating teeth in a mask substrate, 
where the mask is then used as a phase mask to 
transfer the pattern to the optoelectronic device. 
Advantageously, the utilization of a direct write e- 
beam technique to form the grating pattern on the 
photomask allows for the formation of any desired 
number and location of abrupt phase shifts, multiple 
grating pitches, alignment fiducials, and any other 
desired features. Therefore, a single exposure of the 
direct write e-beam mask allows for a plurality of 
different grating patterns to b simultaneously print- 
ed. 
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Background of th Invent! n 

T chnlcal Field 

The present invention relates to a technique for 5 
fabricating gratings in optoelectronic and optical 
devices and, more particularly, to a fabrication 
technique utilizing a combination of electron-beam, 
lithography and holographic optical exposure. 

TO 

Description of the Prior Art 

Corrugated waveguide gratings are considered 
to be key elements for many optical devices, such 
as filters, distributed feedback (DFB) lasers, and 75 
distributed Bragg reflector (DBR) lasers, where 
such devices are expected to play a significant role 
in future lightwave communication systems. The 
fabrication of corrugated waveguides is often ac- 
complished utilizing a holographic technique, as 20 
taught in U.S. Patent 4,517,280, entitled "Process 
for Fabricating Integrated Optics", issued to K. 
Okamoto et al. on May 14, 1985. As is known in 
the art, such a holographic technique relies on the 
exposure of resists using two interfering UV laser 26 
beams. The interference pattern allows for the for- 
mation of submicron-pitch gratings, but is limited in 
the different variety of features which can be made 
during a single process step. 

Another technique that has been used exten- 30 
sively to fabricate corrugated grating structures for 
optoelectronic or optical device applications is di- 
rect-write electron-beam (e-beam) lithography. In 
this technique, the desired periodic features are 
xposed by an electron beam directly in an e- 36 
beam sensitive resist (such as PMMA) that covers 
the substrate which is to contain the final grating 
structure. Indeed, this technique has demonstrated 
the desired versatility of forming abrupt phase 
shifts, as well as multiple grating pitches on a 40 
single wafer. See, for example, an article entitled 
"Performance of 1.5u,m X/4-Shifted DFB-SIPBH La- 
ser Diodes" by C. E. Zah et al., appearing in 
Electron Letters , Vol. 25, No. 10, May 1989, at pp. 
650-1. The principal drawback of this technique is 45 
the requirement that each wafer or substrate be 
individually processed. That is, each must exper- 
ience the entire direct-write electron-beam process, 
including loading the sample into a vacuum cham- 
ber, as well as the precision alignment and (usu- so 
ally) very lengthy direct-write exposure process 
itself. As such, the direct-write electron-beam expo- 
sure of large-area features, such as gratings for 
optoelectronic or optical devices, is not viewed as a 
manufacturabte process. 55 

An alternative technique is discussed in an 
article entitled "Novel method to fabricate corruga- 
tion for a X/4-shifted distributed feedback laser us- 



ing a grating photomask", by M. Okai et al. appear- 
ing in Applied Physics Letters, Vol. 55, No. 5, July 
1989, at pp. 415-6. In this cas , a precision ruling 
machine is used to form a metal substrate with 
triangular grooves. This triangular groove pattern is 
then transferred to a transparent polymer film, 
which results in a triangular-wave phase mask. 
When illuminated off-axis, this mask will generate a 
diffracted beam which will Interfere with the trans- 
mitted beam to produce an interference pattern 
similar to that observed in the conventional two- 
beam holographic interference method. The modu- 
lation resulting from the interference pattern in the 
intensity on the far side of the mask is intended 
expose resist whish has been placed on the actual 
sample to be patterned. However, the triangular 
phase mask is incapable of generating the equal 
intensities of transmitted and diffracted beams 
which are required to obtain a high contrast-ratio 
interference pattern suitable for resist exposure. 
This is remedied, at the expense of overall inten- 
sity and thus longer exposure time, by evaporating 
a metal film, off-axis, to asymmetrically coat the 
triangular grating features on the polymer mask, 
and thus equalize the transmitted and diffracted 
beam intensities. This technique is also currently 
understood to require a laser exposure system 
similar to the conventional two-beam holographic 
interference method. The utilization of the ruling 
machine to form the gratings allows for the mask to 
be modified, as desired, to incorporate pitch 
changes (and therefore phase shifts) within the 
grating during a single print. 

Although the Okai et al. mask provides for 
improved fabrication techniques, the flexibility of 
their approach is still somewhat limited, especially 
by the mechanical ability of the ruling machine with 
respect to the number of grooves per millimeter 
which may be formed. 

Summary of the Invention 

The need remaining in the prior art is ad- 
dressed by the present invention which relates to a 
technique for fabricating gratings in optoelectronic 
and optical devices and, more particularly, to a 
fabrication technique utilizing a combination of 
electron-beam lithography and holographic optical 
exposure. 

In accordance with an exemplary embodiment 
of the present invention, direct write e-beam lithog- 
raphy and reactive ion etching are used to fabricate 
square-wave gratings on a mask substrate. The 
square waves produced by the proposed method 
are capabl , with proper choice of depth, of pro- 
ducing equal intensiti s in th transmitted and dif- 
fracted beams without additional amplitude grat- 
ings, as in the m thod of Akai t al. Th mask is 



3 



EP 0 602 829 A2 



4 



then used as a pure phas mask for th near-fi Id 
holographic printing of gratings on a device sub- 
strate. 

An advantage of utilizing direct write e-beam 
lithography in accordance with the present inven- 
tion is the ability to print abrupt phase shifts, mul- 
tiple grating pitches (in regions disposed both par- 
allel and perpendicular to the grating lines) and 
other fine features (e.g., fiducial markings), where 
all such gratings and other features may be si- 
multaneously exposed as a single optical masking 
step. The proposed technique thus permits the 
capabilities of direct-write electron-beam lithog- 
raphy without the serial, slow direct writing of each 
wafer and further provides for the fabrication of a 
square wave pattern, which is not possible with a 
replicating, ruling machine as used by Okai et al. A 
single, robust mask is made with features that may 
be uniquely possible using electron-beam lithog- 
raphy, and this phase mask is then used in a fast, 
simple holographic optical printing procedure on 
the actual sample. 

Another advantage of the present invention, 
learned through extensive experimentation, is that a 
laser source may not required to achieve high- 
contrast interference after the phase mask. In par- 
ticular, it has been found that a mercury arc lamp, 
with some optical filtering to limit the spectrum to 
predominantly one line, is sufficient. The source 
must be colli mated, and emanate from a small 
source to provide a moderate degree of spatial 
coherence; however, such a source is much more 
robust and easy to use than a typical ultraviolet 
laser, as is commonly used in the two-beam inter- 
ference method or the method as taught by Okai et 
al. Therefore, the technique of the present inven- 
tion allows for the mass fabrication of arbitrarily 
complex grating-based structures for optical or op- 
toelectronic devices with submicron pitches using 
nearly conventional optical apparatus as is com- 
monly found in current clean room processing envi- 
ronments. Further, other conventional features (e.g., 
alignment features, fiducials, etc.) may also be 
formed on the mask. 

A further advantage lies in the robust nature of 
the mask formed by direct-write electron-beam lith- 
ography. In most cases, a quartz material can be 
used to form the mask and may be re-exposed 
thousands of times and cleaned using standard 
cleaning procedures, a result of the inherent nature 
of the mask. 

Other and further advantages of the present 
invention will become apparent during the course 
of the following discussion and by reference to the 
following drawings. 



Brief Description f the Drawing 

R ferring now to the drawings, wher like nu- 
merals represent like parts in several views, 

5 FIG. 1 (not to scale) illustrates an exemplary 
phase mask formed using a direct-write elec- 
tron-beam lithography process accordance with 
the present invention, and the near-field intensity 
pattern resulting therefrom; 

io FIG. 2 illustrates an alternative mask, also 
formed using direct write e-beam lithography, 
including a plurality of different grating pitches; 
FIG. 3 illustrates yet another direct write e-beam 
mask, formed in accordance with the present 

75 invention to include both an abrupt phase shift 
and multiple grating pitches; 
FIG. 4 illustrates an exemplary photonic inte- 
grated circuit, in particular, a wavelength division 
multiplexed transmitter array, formed using a 

20 mask fabricated in accordance with the present 
invention; 

FIGs. 5 and 6 contain various data related to 
grating pitch and wavelength for the plurality of 
transmitters illustrated in FIG. 4; 
25 FIGs. 7-11 illustrate, in sequence, an exemplary 
set of processing steps which utilize a direct- 
write electron-beam lithography process to form 
a phase mask in accordance with the present 
invention; 

30 FIG. 12 illustrates the relationship between duty 
cycle and e-beam aerial dosage at a fixed en- 
ergy of 50keV; 

FIG. 13 contains scanning electron micrographs 
of gratings exposed and developed in a UV 

35 photoresist on InP, using an e-beam mask and 
illuminated with an argon laser; and 
FIG. 14 contains scanning electron micrographs 
of gratings exposed and developed in a UV 
photoresist on InP, using the same e-beam 

40 mask as used to form the gratings shown in FIG. 
1 3, illuminated with a mercury lamp. 

Detailed Description 

45 The principles of the direct-write electron-beam 

mask printing are illustrated in FIG. 1. In particular, 
a rectangular-wave phase mask 10 produced by e- 
beam lithography and associated near-field inten- 
sity pattern 12 are shown. UV illumination 14 from 

so an exposure source (not shown) is incident on 
mask 10 at a predetermined angle $\ with respect 
to the normal. Illumination 14 propagates through 
mask 10, where portions of the illumination are 
delayed in phase as they pass through grating 

55 t eth 16 formed on the surface of mask 10. As will 
be described in detail below, grating teeth 16 are 
formed using the direct write e-beam technique of 
the present invention. Ref rring back to FIG. 1, 
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illumination 14 is partially transmitted (z ro order) 
through mask 10, denoted as 14 t , and partially 
diffracted (first-order), denoted 14 d . Diffracted 
beams 14 d exit mask 10 at an angle e d with re- 
spect to the normal. Transmitted beams 14 t and 
diffracted beams 14 d then function similar to the 
two-beam interference holographic process, well- 
known in the art and discussed in the references 
cited above, resulting in a periodic intensity vari- 
ation 12 in the near-field, the period of the variation 
being the spatial period A g of grating teeth 16 
formed in mask 10. Intensity variation 12, as 
shown, varies in light and dark regions and can 
then be used to expose a photoresist-covered sub- 
strate (not shown) to form the desired grating pat- 
tern in the photoresist on the substrate surface. 

The exemplary grating teeth 16 of mask 10 are 
defined as comprising a spatial period, or pitch, A g , 
with an abrupt half-period phase shift 18 (Ag/2) 
formed as shown. Such an abrupt phase shift is 
often required in optical components, for example, 
phase-shifted DFB lasers. As mentioned above, the 
direct write e-beam process used to form grating 
teeth 16 in mask 10 easily allows for the formation 
of such an abrupt phase shift, merely by controlling 
the writing process. Multiple phase shifts may also 
be formed, as shown in FIG. 2, which illustrates an 
xemplary mask 20 Including two different grating 
pitches, A g1 and \&>. FIG. 3 illustrates an exem- 
plary mask 22 including both an abrupt phase shift 
24 and multiple grating pitches. 

As mentioned above, multiple pitches may be 
created in the dimension perpendicular to the 
drawing, or, alternatively, laterally disposed (i.e., 
parallel) along the substrate, so as to allow for 
different optical devices operating at different 
wavelengths to be simultaneously produced on the 
same substrate. Such an application is shown in 
FIG. 4, which illustrates a multi- wavelength array 26 
single-frequency distributed Bragg reflector (DBR) 
semiconductor lasers. In fabricating this particular 
structure, the exposure may be accomplished us- 
ing a mercury arc lamp source and a pure phase 
rectangular wave photomask produced by electron- 
beam lithography, using the techniques of the 
present invention as discussed above. In particular, 
a plurality of eight lasers is illustrated, fabricated 
on, for example, 508um center-to-center spacings 
between each laser, where each laser comprises a 
different grating pitch An, A2, ... As, as shown in 
FIG. 4. FIG. 5 illustrates the relative pitch On A) for 
each of the eight lasers. When lasers were made 
from the resulting wafer, the wavelengths of the 
lasers had the desired eight A wavelength separa- 
tions, as shown in FIG. 6. Using prior art technol- 
ogy, such a narrow separation would only have 
been possible from utilizing either eight successive 
two-beam holographic exposures, or a slow direct- 



writ el ctron-beam direct exposur of the wafer 
itself, where neither of these processes are consid- 
ered suitabl for manufacture. 

In general, the direct-write electron-beam lith- 

5 ography process of forming a phase mask may be 
used to include any desired type of grating fea- 
tures. In particular, the inventive method may be 
used to incorporate curved grating lines to form, for 
example, structures of focusing in the plane of the 

70 wafer, as discussed in 1). S. Patent 4,923,271, 
entitled "Optical Multiplexer/Demultiplexer Using 
Focusing Bragg Reflectors", issued to C. H. Henry 
et al. on May 8, 1990 and assigned to the assignee 
of the present application. 

75 For the exemplary arrangement shown in FIG. 

1, only the zero order transmitted beam 14 t and 
first-order diffracted beam 14 d are illustrated. In 
general, a grating with a known pitch of A g will also 
produce a plurality of m higher order diffracted 

20 beams, with k x values defined as follows: 

26 

where 

30 

where X is the wavelength of the illumination. For 
conventional photolithography applications in ac- 
cordance with the teachings of the present inven- 
36 tion, grating pitch A g is approximately 240 nm and 
X is approximately 364 nm. In order to satisfy the 
condition 

(required for non-evanescent propagation), only 
m =0 and m=-1 satisfy the above equations. For 
the values of A^ and X used in this example, it has 
45 been found that to generate any diffracted wave 
also requires that 

sin6i> -^-i f orei>3l°, 

50 A « 

FIGS. 7-11 illustrate an exemplary process of 
utilizing direct-write electron-beam lithography to 
fabricate a photomask in accordance with the 
55 teachings of the present invention. FIG. 7 illustrates 
a starting photomask blank 30. Blank 30 comprises 
a substrate 32 (such as quartz, for example) with, 
in som exemplary cases, an (optional) veriying 
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chromium lay r 34. Chromium lay r 34 has been 
previously processed (patterned and etched) to ex- 
pose the areas 36 of substrate 32 which are to b 
patterned. An exemplary e-beam sensitive resist 40 
is subsequently deposited over substrate 32 and 
chromium layer 34. For the exemplary process 
described below, a trMevel resist is used. It is to be 
understood that any suitable single layer resist 
(such as PMMA) or multi- layer e-beam sensitive 
resist may be used in practicing the present inven- 
tion. Referring to FIG. 7, the exemplary trMevel 
resist comprises a first layer 42 of a convention 
hard-baked photoresist, a second, relatively thin, 
layer 44 of germanium and a third layer 46 of an e- 
beam sensitive resist. 

The desired square-wave pattern 50 for for- 
ming the predetermined phase mask in then 
formed, using an electron beam source (not 
shown). In accordance with the teachings of the 
present invention, the utilization of a direct write e- 
beam source to form pattern 50 allows for great 
flexibility in forming any desired number and loca- 
tion of both multiple grating pitches and abrupt 
phase shifts, as discussed above and illustrated in 
FIGs. 1-4. It is envisioned that in addition to direct- 
write electron-beam lithography, focused ion 
beams may also be suitable in some cases for the 
exposure process. After development of resist layer 
46, (using, for example, a 1:2 solution of methyl 
isobutyl ketone: isopropanol) the unexposed resist 
material is removed and the structure resembles 
that illustrated in FIG. 8, which illustrates the de- 
sired grating pattern 50 as being transferred to 
resist layer 46. Pattern 50 is then transferred into 
the underlying first and second resist layers 42 and 
44, using a reactive ion etch (RIE) process. An 
xemplary RIE process suitable for use with the 
particular resist materials mentioned above may 
comprise a first RIE using CF3 Br for etching layer 
44, followed by a second RIE using O2 for etching 
layer 42. The structure of the mask at the end of 
these RIE processes in illustrated in FIG. 9. 

A further RIE process (using CHFa, for exam- 
pie) is then performed to transfer pattern 50 into 
substrate 32, as shown in FIG. 10. The final pro- 
cess step requires the removal of any remaining 
mask material (using RIE in 0 2 ), to form the final 
mask structure 60, as shown in FIG. 11. Typical 
grating pitches made using this technique can 
range, for example, from 190 nm to 250 nm. The 
gratings may be 5 - 20um long (with longer lines 
possible, but adding extensive writing time). The 
length of the grating regions may extend for the 
complete length of the mask, which may be several 
centim ters. 

During th various RIE proc sses described 
above, the duty cycle of pattern 50 may vary, 
where the duty cycle is d fined as th length I of 



a feature divided by the pitch A. In particular, an 
RIE process with CHFa may deposit polymer ma- 
t rial on the sid wails of th gratings while remov- 
ing the material from the bottom of the grooves. 

s FIG. 12 illustrates the duty cycle (%) variation as a 
function of e-beam dosage for both single layer 
and tri-layer resists. Using such data, e-beam dos- 
age may be adjusted to compensate for processing 
offests to produce the duty cycles that would be 

10 desired to achieve equal intensities in the transmit- 
ted and diffracted beams. 

An advantage of utilizing a photomask formed 
using the direct-write e-beam lithography technique 
of the present invention is that gratings may be 

is printed in a substrate using either coherent or 
incoherent illumination, where an incoherent source 
is appropriate as long as the substrate is located in 
the near-field of the mask (within 10um, for exam- 
ple) and the source is small in area to provide a 

20 moderate degree of spatial coherence. The inco- 
herent source may require some degree of spectral 
filtering to achieve a moderate level of temporal 
coherence as well, but the overall coherence re- 
quirement is dramatically reduced when compared 

25 with the conventional two-beam interference meth- 
od of holographic exposure. FIG. 13 contains a 
scanning electron micrograph (SEM) of an exem- 
plary grating structure formed in photoresist which 
was printed using an argon laser source to illu- 

30 minate a direct write e-beam mask. FIG. 14 con- 
tains a SEM of another grating structure, also 
formed in photoresist and using the same mask as 
used in conjunction with FIG. 13, the difference 
being the mask was in this case illuminated with an 

35 exemplary incoherent source (the triplet at 365nm 
from a mercury/xenon arc lamp with a 0.25mm 
source size). 

Claims 

40 

1. A method of fabricating predetermined grating 
structures in optoelectronic devices, the meth- 
od comprising the steps of: 

a) providing a photomask including a grat- 
is ing pattern formed by a direct-write elec- 
tron-beam lithography process, said grating 
pattern comprising any desired number and 
location of abrupt phase shifts and plurality 
of grating pitches; 
50 b) illuminating said photomask with fight at 
a predetermined angle 9| sufficient to form a 
transmitted beam and a first-order diffracted 
beam; 

c) exposing a photoresist-covered optoelec- 
55 tronic device substrat , such that th trans- 

mitted beam and first-order diffracted beam 
interfere to form a near-field intensity pat- 
t rn in said photoresist which r plicat s said 
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grating pattern; and 

d) developing said photoresist and transfer- 
ring said grating pattern to th underlying 
optoelectronic device substrate. 

2. The method according to claim 1 wherein in 
performing step a), the step of providing a 
pure phase mask, or said grating pattern is 
formed using a direct-write electron-beam lith- 
ography technique to include a plurality of 
rectangular grating features, (for example a 
plurality of square grating features), or said 
grating pattern is formed using a direct-write 
electron-beam technique to include at least 
one abrupt phase shift, or said grating pattern 
is formed using a direct-write electron-beam 
lithography technique to include a plurality of 
different grating pitches (Ai, A2,...), or said 
direct-write electron-beam lithography tech- 
nique is used to form an abrupt phase shift of 
A/2, where A is defined as the pitch of the 
grating pattern. 

3. The method according to claim 2 wherein the 
plurality of grating pitches vary either in a 
direction perpendicular to the grating structure, 
or in a direction parallel to the grating struc- 
ture. 

4. The method according to claim 1 wherein in 
performing step b), the illumination is provided 
at an angle 0\ greater than 31 ■ with respect to 
the normal of said photomask. 

5. The method according to claim 1 wherein in 
performing step b), the photomask is illumi- 
nated with a coherent UV source, (for example 
an argon laser source), or is illuminated with 
an incoherent UV source, (for example a mer- 
cury /xenon lamp which may be filtered to form 
approximately a single line, small spot size 
illumination). 

6. A method of forming a direct write e-beam 
photomask, the method comprising the steps 
of: 

a) providing a mask substrate, patterned 
with a masking layer to expose the areas of 
said mask substrate to be exposed; 

b) depositing an e-beam sensitive resist to 
the surface of the substrate provided in step 
a); 

c) writing, using an e-beam source, a pre- 
determined grating pattern in the resist de- 
posited in st p b); 

d) developing said resist aft r compl ting 
the writing operation of step c); 



e) reactiv ion etching said d v loped r sist 
to form said predetermined grating pattern 
in said resist layer; and 

f) transferring, using reactive ion etching, 
5 said grating pattern into the surface of said 

mask substrate. 

7. The method according to claim 6, wherein in 
performing step a), a quartz substrate with a 
to chromium masking layer is provided. 

a The method according to claim 6, wherein in 
performing step b), a single layer e-beam sen- 
sitive resist (for example PMMA) is deposited, 
75 or a tri-layer e-beam sensitive resist is depos- 

ited using the following steps: 

1) depositing a first layer of a hard-baked 
photoresist; 

2) depositing a second, relatively thin, layer 
20 of germanium to overly said first resist lay- 
er; and 

3) depositing a third layer of e-beam sen- 
sitive resist to overly said second resist 
layer. 

26 

9. The method according to claim 8, wherein in 
performing step d), the developing comprises 
the steps of: 

1) developing the third resist layer in a 
30 1 solution of 4:1 methyl isobutyl ketone: 

isopropanol to form the predetermined grat- 
ing pattern; 

2) reactive ion etching using CF3Br to trans- 
fer said predetermined grating pattern into 

36 said germanium second resist layer; 

3) reactive ion etching using O2 to transfer 
said predetermined grating pattern into said 
hard baked first resist layer; and 

4) reactive ion etching using CHF3 to trans- 
40 fer said predetermined grating pattern into 

the substrate. 

10. The method according to claim 6, wherein in 
performing step c), said predetermined grating 

45 pattern includes a plurality of different grating 

pitches, or said predetermined grating pattern 
includes at least one abrupt phase shift, (such 
as a A/2 phase shift, where A is defined as the 
grating pitch), or said predetermined grating 

50 pattern includes a plurality of different grating 

pitches and at least one abrupt phase shift, or 
forming a plurality of grating structures wherein 
the different grating pitches vary in a direction 
perpendicular or parallel to the grating struc- 

55 tur s. 

11. A photomask for forming grating structures in 
optoelectronic and optical d vices, said 
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photomask comprising a plurality of grating 
structures formed using a direct-writ© electron- 
beam lithography process. 
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